Rates of denitrification and organic carbon (C) mineralization were measured simultaneously in soil suspensions maintained at 30°C under anoxic conditions. Nine mineral and seven organic soils were used in the study. Disappearance of NO 3~ and production of CO 2 were measured at various times during the 12-day incubation. Labeled NO, was used to differentiate denitrification from immobilization and reduction to NH 4 -N.
T HE ROLE of organic carbon (C) as an electron donor in the denitrification process has been widely recognized. Several researchers (Wijler and Delwiche, 1954; Bremner and Shaw, 1958; Nommik, 1956; Bowman and Focht, 1974; Reddy et al., 1978) have shown increased denitrification rates following the addition of energy source (organic C) to a soil. Significant relationship was reported between NOf losses via denitrification and "available" C, as evaluated either by glucose-equivalent C (Stanford et al., 1975a) , by watersoluble C (Burford and Bremner, 1975; Reddy et al., 1980) , or by mineralizable C (Burford and Bremner, 1975) .
A considerable portion of available C would be used in normal oxidative respiration by denitrifiers and other microorganisms (using O 2 as an electron acceptor) until the system becomes anoxic. When O 2 is depleted from the system, the denitrifiers use NO 3ã s an electron acceptor during their oxidative respiration. Once the easily decomposible C is used by the denitrifiers, the rate of NO 3~ loss would depend on the rate of soil organic C conversion to mineralizable organic C and to soluble organic C (Focht and Verstraete, 1977) , while C loss in the same system may not depend on the availability of NO 3~, because some organisms use Fe 3+ , Mn 4+ , and SO 4 2+ as their electron acceptors during C oxidation.
Denitrification rates, expressed either as zero-order (Wiljer and Delwiche, 1954; Nommik, 1956; Patrick, 1960; Reddy et al., 1978) or first-order (Stanford et al., 1975a; Reddy et al., 1980) rate coefficients, and which do not account for the soluble soil organic C availability will be specific to the soil and a given set of environmental conditions, and not of general value in modeling the denitrification process. Also, most researchers (Stanford et al., 1975a; Bowman and Focht, 1974; Burford and Bremner, 1975; Kohl et al., 1976 ) measured denitrification rates under static conditions where NO 3~ was present in the overlying water and the underlying soil. Since denitrification occurs only in the anaerobic soil layer, diffusion of NO 3~ from the floodwater to the anaerobic soil layer also controls the rate of denitrification (Reddy et al., 1978) . No data are available to date on the kinetics of available C mineralization coupled with the kinetics of denitrification measured under diffusion nonlimiting conditions.
The objectives of the present investigation were (i) to determine simultaneously the rates of denitrification and C mineralization in several mineral and organic soils; (ii) to develop a relationship between the kinetics of denitrification and organic C mineralization; and (iii) to obtain a denitrification rate coefficient as a function only of available C (i.e., independent of soil type).
REACTION RATE EQUATIONS
In this study, the rate of available C mineralization during denitrification was assumed to follow first-order kinetics:
(dC/df) = -*,.C [1] where C = (C max -CO 2 ), i.e., the available C remaining in the soil, C max is the maximum available C, CO, is the C utilized during denitrification, and k, is C mineralization coefficient (day '); C concentrations are expressed as /ug C/ml of soil water. The value of C max was determined from the 2-week aerobic incubation, as described in a later section. Integration of Eq.
[1] yields: C = C max exp(-/t,. f ).
[2] The rate of denitrification coupled with organic C miner-62 alization in an anaerobic soil was described as a combined first-order process (Rao et al., 1981; Rolston et al., 1980) :
where N is NO 3~ concentration (jug N/ml), and k n is the denitrification rate coefficient
[4]
The solution of Eq.
[4] is: (N/NJ = exp{-(C max kjk c ) [1 -exp ( -kjt}}, [5] where N 0 is the initial NO 3~ concentration (jug N/ml).
In order to have applicability of the data over a wider concentration range, attempts were made to obtain K m and v mas values in the Michaelis-Menten equation to describe the denitrification process. For reactions controlled by two substrates (C and N in the present case), the modified Michaelis-Menten equation (Bray and White, 1966; Bowman and Focht, 1974) can be stated as:
where K a and K c are saturation constants, respectively, for N and C, v max is the maximum denitrification rate (jug N ml1 day"') under substrate nonlimiting conditions (i.e., N > K n and C > K c ), and C and N are as defined earlier. Separation of variables in Eq. [6] gives:
jNo Jo Substituting Eq.
[2] for C in Eq.
[7] and integration yields:
MATERIALS AND METHODS

Soils
Nine mineral soils collected from various locations in the continental U.S.A. and seven organic soils collected from various locations in Florida were used in this study. Selected properties of these soils are shown in Table 1 . Air-dry mineral soils were ground to pass through a 20-mesh sieve, adjusted to 0.3 atm soil water tension, and equilibrated for a period of 24 hours before use. Organic soils contained different amounts of soil water at the time of collection and were used without drying. Organic soils were stored for a maximum period of 4 weeks at 4°C in tightly sealed containers before their use in the experiments.
Incubation Procedure
Mineral soil (150 g on an oven-dry basis) were transferred into each of two 500-ml Erlenmeyer flasks. Enough distilled water was added to each flask so that the soil could be maintained as a well-stirred suspension. The water-to-soil ratio for mineral soils was 2, while for organic soils it ranged from 3 to 14 (Table 1) , depending upon initial soil water content. Each flask was fitted with a rubber stopper consisting of a sampling port and inlet and outlet tubing for continuous flow of N 2 gas (30 ml/min) for creating O 2 -free conditions. Soils were then incubated at 30°C under continuous stirring. After 3 hours of continuous flow of N 2 through the stirred soil suspensions, a 50-ml aliquot of soil suspension was removed and used in additional experiments, as described later. A known amount of NO 3~ was then added to the soil suspension to obtain a soil solution concentration of 200 jug N/ml.
Carbon dioxide evolved during anaerobic respiration (NO 3~ reduction or denitrification) was trapped by bubbling the effluent gas through a 0.57V KOH solution. During the first 5 days of incubation, 20-ml aliquots of soil suspensions were removed more frequently, and thereafter samples were taken at longer intervals. None of the soils was incubated longer than 12 days. Each soil suspension aliquot was treated with 50 ml of 0.01 M CaCl 2 and then filtered through Whatman no. 42 filter paper after 5 min of shaking. The filtered solutions were analyzed for NH 4 + and NO,~. At the same sampling periods, 0.5N KOH in the CO 2 traps were replaced with fresh solution and CO 2 trapped in the KOH solution was analyzed.
In a companion study, duplicate 30-ml portions of untreated soil suspension were transferred into 170-ml glass bottles fitted with a serum cap. The soil suspension was amended with "NO 3~ (enriched with 10.05 atom % "N for mineral soils and 99.10 atom % "N for organic soils) to obtain a concentration of 200 jug N/ml in the soil solution. The bottles were purged with N 2 gas to create anoxic conditions and incubated at 30°C with continuous shaking for 14 days. At the end of incubation, soils were treated with 50 ml of 2M KC1 solution and filtered through Whatman no. 42 filter paper after 1 hour of shaking. Labeled N was analyzed in organic N, NHJ, and NO 3~ fractions.
Water Soluble Carbon (WSC)
A portion of untreated soil suspension (20 ml) was treated with 25 ml of deionized water (1:5 soil-to-solution ratio) and filtered through a prewashed 0.2-fj.m filter paper after 30 min of shaking. The filtered solutions were analyzed for soluble C.
Maximum Available Carbon (C mas ) Ten grams of mineral soil and 3 g of organic soil (ovendry basis) treated with enough water to obtain a soil water tension of 0.3 atm were transferred into a wide-mouth flask along with a test tube containing 0.57V KOH. The flask was sealed with a rubber stopper and silicone glue. A flask with no soil was also included in the study. All flasks were incubated in the dark at 30°C for 14 days. At the end of incubation, CO 2 trapped in the KOH was analyzed.
Analytical Methods
The CO 2 absorbed in KOH solutions was titrated with standard acid (Stotzky, 1965) . Total carbon in the soil samples was determined by dry combustion. Soluble carbon in the solution was measured using a modified K 2 Cr 2 O 7 oxidation method (Mebius, 1960; Burford and Bremner, 1975) . Nitrate and NH 4 + were determined using steam distillation (Bremner, 1965 ). An isotope ratio mass spectrometer was used to determine 15 N in the samples.
Estimation of Model Parameters
From the measured values of C max and the amounts of CO 2 produced during anoxic incubation, the values of k c were estimated by minimizing the sum of squares (SSQ):
where the subscripts calc and meas denote, respectively, the calculated and measured values of C, the superscript i denotes a given measurement, and n is the number of measurements. The value of C meas in Eq.
[6] was estimated as C max minus CO 2 produced during denitrification.
As an index of the goodness-of-fit of calculations to the measurements, the values of standard error (SE) values were computed as follows: SE = (SSQ/n)" 2 .
[10] Note that SE represents the average deviation between measured and calculated values at a given time. Using the NO 3~ data and the values of C max , k c , and N 0 , the values of k, in Eq.
[5] were determined for each soil in a manner similar to those for C data. Equation [8] was solved using numerical techniques. Given the values of N 0 , C max , and k c , the values of v max , k n , and k c in Eq. [8] were estimated for the NO 3 loss data using nonlinear, least-squares (NLLS) optimization procedure (Rao et al., 1979) .
RESULTS
Organic Carbon Mineralization
Carbon dioxide production owing to mineralization of available soil organic C during denitrification could be described well for all soils by Eq. [2] with the estimated k c value being different for each soil ( Table  2 ). The average k c value, denoted by k' c for mineral and organic soils was 0.145 day" 1 (C.V. = 63%) and 0.191 day' 1 (C.V. = 74%), respectively. No significant relationship was observed between the k c values and total organic C (TOC) or maximum available organic C (C max ). The calculated values for CO 2 production in selected soils, as estimated by Eq. [2] using a different k c value for each soil (Table 2) , are shown in Fig. 1 as solid lines along with the measured data. The soils shown in Fig. 1 were selected to represent the entire range in the goodness-of-fit (range of SE was 4 to 32 fj.g C/ml) between the data and Eq. [1]. The dashed lines in Fig. 1 were calculated using k[. t CO, produced during 7-day incubation was used to compare with WSC and C max . In some soils, CO, produced after 7 days was due to other processes because NO," in these soils reached near zero level after 7 days. J WSC = water-soluble C.
values in Eq. [1] ; the agreement between data and calculated lines is only fair. Thus, in further work, individual k c values were used. In some soils, the rate of CO 2 production during the first 3 days was higher than that during the later periods. In these soils, the initial surge of CO 2 production was probably due to a rapid consumption of WSC during denitrification. Also, slightly more C was probably made available in some of these soils, as a result of air drying (Fowlson, 1980) , sieving, and mixing of the anaerobic slurry.
Rate of Denitrification
Denitrification rate was evaluated by following NO 3~ disappearance in a stirred soil suspension maintained under O 2 -free conditions. For all soils, labeled NO 3~ data indicated < 3% of the added N was incorporated into organic N and NH 4 + fractions. Using the NO 3~ loss data and C mineralization, denitrification rate coefficient (&") was determined for each soil using Eq.
[5]. The estimated k n values, shown in Table 2 , were essentially constant for the nine mineral soils [0.00147 ± 25% day' 1 (,ug C/nuT 1 ], while those for the organic soils were somewhat more variable [0.00155 ± 65% day"" 1 (jug C/ml)~']. Good agreement was found between measured NO 3~ loss and that predicted using k c and k n values specific to a given soil (Fig. 2) . The soils included in Fig. 2 were selected to represent the entire range of SE values (4 to 13 /ig N/ml for mineral soils and 8 to 22 yu,g N/ml for organic soils). Also shown as dashed lines in Fig. 2 are the curves calculated using an average k' n value (averaged separately for mineral and organic soils) and individual k c values. The deviations between the measured and calculated NO 3~ loss are not considered large given the practical utility of a single denitrification rate coefficient for all mineral (or organic) soils.
Although the fits between Eq.
[8] and the measured data were good, the range in parameter values was very large. For example, v max ranged from 66 to 260,400 /jig N/ml day, K n from 0 to 18,330 /u,g N/ml, and K c from 0 to 8182 /ng C/ml. Compared with the Michaelis constants reported in the literature (Focht and Verstraete, 1977) , these values may be unacceptable. The reason for the large range in estimated values for these parameters can be attributed to the nonlinear nature of Eq.
[8] and the fact that the three parameters (v max , K n , and KJ are partially correlated. Thus, essentially the same curve can be calculated using widely different sets of parameter values. This behavior is illustrated in Fig. 3 , where the hatched area bounds the curves calculated by Eq.
[8], using four sets of v max and K n values shown while holding k c constant. It is evident from Fig. 3 that an increase in v max can almost be compensated for by a proportional increase in K n . A similar inter-relationship be- tween v max and K c was observed (data not shown).
ORGANIC SOILS
The bars in Fig. 3_ represent the total range in measured data for NO 3~ loss in two mineral soils (Crowley and Oliver) with similar C max , N 0 , and k c values. Therefore, when the measured data being fitted is rather variable (±10 /ug N/ml for the data in this study), it is difficult to select with any reliability among the four sets of parameter values shown in Fig. 3 .
Denitrification vs. Carbon Mineralization
The relationship between NO 3~ loss and CO 2 production during anoxic incubation of mineral and organic soils is shown in Fig. 4 . Because NO 3~ was added to the soil suspensions containing no O 2 , it may be assumed that the measured CO 2 was released primarily during the respiration of denitrifying bacteria. A linear regression equation with zero intercept (i.e., v = mx) was fitted to the CO 2 vs. NO 3~ for each soil. Three separate linear regression lines are presented in Fig. 4 for the organic and mineral soils. The solid line represents the average slope for all mineral (or organic) soils, while the dashed lines are for soils with the largest and least slopes. These equations show that for each mole of CO 2 released, on an average the amounts of NO 3~ denitrified were 1.27 mol (0.72 to (Fig. 4) . The water soluble C represents about 0.4 to 0.9% of TOC, whereas C max represents about 0.6 to 1.4% of TOC (Table 3) , probably because much of TOC in most of the soils is resistant to decomposition. Maximum available C (C max ) measured in this study was based on a 14-day aerobic incubation. Even though WSC and C max concentrations were adequate to denitrify 200 jug NOj-N/ml, only 70 to 75% of WSC and 40 to 43% of C max was readily used in 7 days while the remaining C was apparently available at a relatively slower rate.
DISCUSSION
The results presented here have demonstrated that in anaerobic soils, the denitrification rates are proportional to the concentrations of the two substrates: NO 3~ and available C. The denitrification rate coefficient (k n ) was essentially independent of soil type among the nine mineral soils studied. The k n value for the organic soils was somewhat more variable compared to the mineral soils (C.V. = ± 65% vs. ± 25%). The causes of this variability remain unclear at this time since the nature of organic C in these soils is apparently similar (Volk and Zelazny, 1974) . It should be noted that while the same soil/solution ratios were maintained for all mineral soils, different ratios had to be used for organic soils owing to the differences in their initial soil water contents.
From the results presented in Fig. 4 , it i/zowW not be concluded either that the Michaelis-Menten model, Eq.
[8], is incorrect or that a unique set v max , K n , and K c values does not exist for a given experimental data set. This study, however, suggests that reliable Michaelis constants cannot be derived from the denitrification rates measured at low concentrations of N and C and apparently limiting as might have been the case in this study. When both substrates are limiting, i.e., C <l K c and N « K n , Eq. [8] reduces to: *,** Significant at the 0.05 and 0.01 levels of probability, respectively. t CO, produced during 7-day denitrification process. j TOC = total organic C; WSC = water-soluble C. Accordingly, for each mole of C0 2 produced, about 0.8 mole of NO 3~ are consumed. The above equation is based on the assumption that NO 3~ is the only electron acceptor during microbial respiration. The above stoichiometric relationship was not observed for organic and mineral soils. The ratio of mmol of NO 3c onsumption to mmol of CO 2 production ranged from 0.6 to 1.8 (Fig. 4) . It is probable that in addition to NO 3~, other electron acceptors (e.g., microbial reduction of MN 4+ ) were also involved in CO 2 production (Turner and Patrick, 1968) . However, the contribution of other electron acceptors is likely to be small because the Eh of anaerobic soils treated with NO 3w ould be buffered at values > 200 mV (Patrick et al., 1976) . Eh value of Lauderhill muck, treated with 200 /Ag N/ml and maintained under anaerobic conditions for 2 weeks, varied between 150 and 200 mV (unpublished results, K. R. Reddy). It is possible that some CO 2 was also produced during fermentation process which can lead to the observed deviation from the expected stoichiometric relationship between NCK loss and CO 2 production (Fig. 4) . However, the NO 3 concentrations are probably sufficiently high to inhibit the activity of fermenting bacteria.
In our experiments, addition of 200 /Ag NO 3~ N/ml to an anaerobic soil led to a greater demand for available C and resulted in its rapid depletion during the 12-day incubation period. Although the amounts of WSC (0.4 to 0.9% of TOC) and C max (0.6 to 1.4% of TOC) were sufficiently high to deplete 200 /Ag NO 3Ñ /ml, rate of available C consumption during denitrification was different among the soils studied. The half-life for the available C(50% of the C used during denitrification) consumption was in the range of 1.7 to 13.3 days. This indicates that denitrification rates can be controlled by the rate at which available C is mineralized and made available to the denitrifiers. In soils and sediments, the available C is continually regenerated by solubilization of resistant C to more readily available forms and by the addition of organic wastes and plant residues. In upland soils, additional amounts of available C are produced duirng wetting and drying cycles (Reddy and Patrick, 1975) . In aquatic ecosystems, such as flooded fields, wetlands, and lake bottoms, NO 3~ concentrations are usually low and the available C concentrations in the sediment are generally higher than that needed for denitrification. Therefore, under field conditions, available C is seldom expected to be a limiting factor to denitrify small amounts of NO 3~. In addition to the concentrations of the two substrates (available C and NO 3~) , denitrification rates under field conditions are influenced by temperature and the extent of soil anaerobiosis. Stanford et al. (1975b) observed that denitrification rates approximately doubled with a 10°C increase in temperature. Based on this and other reports (Dawson and Murphy, 1972; Bailey, 1976) , a temperature correction factor of Qio = 1-5 to 2.1 appears to be satisfactory for denitrification. The extent of soil anaerobiosis is specified by the fraction of the soil volume that is anaerobic. Results of several workers (Hutchinson and Mosier, 1979; Ryden and Lund, 1980a, b; Rolston et al., 1980) suggest that the extent of soil anaerobiosis, especially in the top 30-cm depth, is determined by (i) soil texture and structure; (ii) the frequency distribution of rainfall/irrigation events; and (iii) the rates of O 2 supply by diffusion and consumption by soil microorganisms. It is possible that certain regions of the soil might be anaerobic while most of the soil volume is aerobic (i.e., presence of anaerobic microsites). The k n value reported here, after appropriate adjustments for the factors discussed above, may be used in simulation models (e.g., Rao et al., 1981) for N dynamics.
